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Introduction
Almost all of Russia's large natural gas deposits are located in its northern territories -in the Arctic and adjacent areas (Grigoryev 2018) . Severe climatic conditions bring into being a number of serious challenges, which impede gas production. One of these challenges is the formation of hydrate deposits and ice plugs in intrafield flowlines leading from the well to integrated natural gas processing facilities (Prakhova et al. 2016 . These deposits lead to a decrease in the effective cross-section of the pipe, which, in turn, reduces the performance of the flowline. If special protection measures are not taken, the resulting hydrate plug can lead to a complete blockage of gas supply.
In natural gas production, hydrates management costs reach 20 percent or more of the field cost of gas . The conditions for the onset and development of hydrate formation process during gas production and transportation are addressed in a large number of works (e.g. Hammerschmidt 1934; Sloan 1998; Bukhgalter 1986; Byk et al. 1980; Groysman 1985; Istomin and Kvon 2004; Buts 2010; Andreyev et al. 2008; Arno et al. 2016) . Nevertheless, the challenge of timely diagnostics of the occurrence of conditions for hydrate formation still remains relevant, because hydrate formation is essentially a very complex physical-chemical process affected by numerous factors.
Therefore, all research aimed at studying the hydrate formation processes, timely diagnostics of hydrate formation and prevention of the occurrence of hydrate plugs represents a relevant applied research task.
Almost all methods for the diagnostics of hydrate formation process are based on the analysis of pressure-and-temperature conditions and differ from each other in the algorithms for the processing of this information. Thus, for example, in (Istomin and Kvon 2004) , the onset of hydrate formation in pipelines is diagnosed by the temperature of gas, and in (Andreyev et al. 2008) , the difference between the design temperature of gas at the entrance to the switching valve building (based on the measurements of gas temperature at the wellhead and the ambient temperature) and the actual (measured) gas temperature at the inlet of the switching valve building is monitored. These methods enable determination of the signs of the onset of hydrate formation process, but not the location of possible hydrate formation within the flowline. In addition, these methods have significant detection time latency, especially in case of flows with low linear velocities. In (Arno 2016) , a method for determining a section, where the onset of hydrate formation process can take place, is considered. It is based on the monitoring of deviation of the dynamics of measured and estimated gas temperatures supplemented by pressure monitoring at the wellhead. This method can be used at the sites where the wells are connected to the gas collection header through the intrafield flowlines. Once the conditions for the onset of hydrate formation process are met, the analysis of pressure change at the wellhead connected to the gas collection header is initiated, and when it is increased, the section, where the onset of hydrate formation process takes place, is determined. All this allows to localize the potentially failing flowline, if there is an increase in pressure in one or a group of wells connected to one flowline, or to determine a potentially failing section of the gas collection header, if the pressure is simultaneously increased in several groups of wells. However, it should be noted that this method has a low localization ability: flowline sections can be quite lengthy, not to mention the gas collection header. In the event of emergency liquidation of a hydrate plug, this information is most likely insufficient for timely problem solving.
Methods for diagnosing hydrate formation based on wave phenomena have been developed recently (Jacobsen et al. 2011; Bakke 2000) . Thus, for example, (Bakke 2000) describes a method for the monitoring of flow parameters in a pipeline in order to detect the formation of hydrates, which involves the emission of electromagnetic waves of circular or linear polarization at one frequency or a group of frequencies inside the pipeline. After that, the reflected waves are recorded -the coordinates of the reflection point are determined based on the time of passage of the reflected wave, and the substance that served as the reflection point is determined based on the dielectric permittivity factor. In our opinion, the selectivity of such a de-termination substantially depends on the accuracy of measurement of dielectric permittivity factor, which under the conditions of irregularity of structure and form of precipitated substance may turn out to be insufficient. Aside from that, this method is applicable only for pipelines with no turns, bends or a series of bends at right angles, i.e. mainly in offshore pipelines, since electromagnetic waves have to propagate rectilinearly to sustain minimum losses. However, terrestrial pipelines have a considerable length and can be subject to significant temperature differences, resulting in the use of thermal expansion bends -U-shaped sections, which can limit the propagation of electromagnetic waves within the flowline, which makes this method inapplicable to lengthy terrestrial pipelines, especially in conditions of the Far North. There is also no possibility of predicting the processes of hydrate or ice plug formation, since it enables the detection of only those ice and hydrate deposits which have already been formed. In addition, it is necessary to install a specialized section of the pipeline, similar in diameter to the flowline being operated, which is associated with significant costs for the manufacture, delivery and capital works related to the installation of equipment on the flowline.
Thus, the existing monitoring methods either indicate the occurrence of conditions favourable for hydrate formation in one of the flowlines, but do not allow determining the location of the failing section, or enabling the detection of hydrate plugs that have already been formed, with varying degrees of reliability. This article proposes a method for the monitoring of hydrate formation processes in intrafield flowlines based on a combination of analysis of pressure-and-temperature conditions in the flowline and the results of flowline echolocation obtained through periodic generation of a scanning pressure wave at the end of the flowline (from the side of the switching valve building).
Materials and methods
The echolocation method is used in order to determine the location of formation of a new deposit: the distance is determined based on the delay of the scanning pressure wave reflected from the obstacle. Before monitoring, the internal surface of the flowline is cleaned of accumulated deposits by means of cold vent stacks or otherwise.
The echogram of an unclogged pipeline, obtained at the first measurement, is taken as a reference. With the help of the pipeline passport, the characteristic points corresponding to the construction elements of the pipeline forming the response signal are determined on this echogram: bends, elbows, etc. Afterwards, the measurements are periodically repeated.
A reference section of the flowline is selected in order to determine wave propagation velocity: this can be any section between the characteristic points to which the distance is precisely known and which produce well-defined waveforms and time-stable reflections of scanning pressure waves. It is more expedient to select the first section located adjacent to the switching valve building. The calculated wave propagation velocity is determined for each scan session based on the time of passage of reflected wave through the reference section.
After that, the absolute gas temperature T n (Kelvin temperature) is calculated in the proximity of the new local resistance within section n in accordance with the recurrence formula based on the change of the time of passage of scanning pressure waves through the characteristic sections:
where T n−1 is the absolute temperature within a characteristic section n−1 preceding the characteristic section n; DL n and DL n−1 are the lengths of characteristic sections n and n−1, respectively; Dt n and Dt n−1 are the time of passage of scanning pressure waves through the characteristic sections n and n−1, respectively. This formula is obtained on the basis of the following considerations. Fig. 1 shows a fragment of the scheme of an investigated flowline with characteristic points N 1 …N 5 linked to it (for example, they can be represented by U-shaped temperature expansion bends). At the first stage of monitoring, the flowline is broken up into so-called characteristic sections -the sections between characteristic points linked to the structure of the flowline (Fig. 2) .
For the general case, the number of sections is assumed to be N. The place of installation of the sensor for the detection of reflected scanning pressure waves is taken as the zero characteristic point. In order to describe the procedure for the determination of temperature within a characteristic section with an arbitrary number n, the first characteristic section -the section between the characteristic point N 1 and the sensor for the detection of reflected scanning pressure waves (characteristic point N 0 ) -is taken as the reference section.
Sound propagation velocity in gases (propagation velocity of scanning pressure waves) depends on the temperature through the following ratio:
where ν is the sound propagation velocity in gas; g is the ratio of heat capacity of the gas at constant pressure to heat capacity of the gas at constant volume; R is the universal gas constant; T is the absolute gas temperature in Kelvin; m is the mole mass, which is numerically equal to the molecular weight of the gas. Therefore:
The sound propagation velocity within the characteristic section No. 1 is calculated by the following formula: 
where L 1 -L 0 is the length of the characteristic section expressed through the difference of distances from the sensor for the detection of reflected waves to the characteristic points N 1 and N 0 ; t 1 -t 0 is the time of passage of scanning pressure waves through the characteristic section expressed through the difference of time intervals from the moment of generation of scanning pressure waves to the detection of reflected signals from the characteristic points N 1 and N 0 . In this particular case L 0 = 0 m and t 0 = 0 s. Thus, the temperature in the section between these characteristic points is calculated by the following formula:
This is the gas temperature T 1 measured at the end of the flowline.
In the general case:
(6) Let us introduce the proportionality coefficient K for the convenience of calculations:
This coefficient is calculated for the reference section based on empirical data:
Let us assume that the coefficient K within the adjacent characteristic sections does not change or changes insignificantly, i.e.:
 , (11) Let us introduce the following notation: ∆L n = L n -L n-1 is the length of the n th characteristic section, ∆L n-2 = L n-1 -L n-2 is the length of the (n-1) th characteristic section, ∆t n = t n -t n-1 is the time of passage of scanning pressure waves through the n th characteristic section, ∆t n-2 = t n-1 -t n-2 -is the time of passage of scanning pressure waves through the (n−1) th characteristic section. Then:
This recurrence formula is used to calculate the temperature at any arbitrary n th characteristic section, for which n ≥ 2.
In addition, gas pressure is constantly measured at the switching valve building and the wellhead. The pressure in the proximity of the new local resistance is calculated based on the ratio of obtained values. For this, one of the known models of pressure distribution along the pipeline is used, for example, the one described in the works (Stepanova and Burmistrov 1986; McLeod and Campbell 1961) . With regard to the above, it is assumed that the flowlines are operated in such a regime, in which the pressure from the wellhead to the switching valve building is reduced insignificantly (within 5...8%) (Grunwald 2007) .
The possibility of existence of crystalline hydrates under the current pressure-and-temperature conditions in the proximity of the new local resistance is determined based on the diagram of three-phase equilibria for hydrating agents contained in produced gas (Baillie and Wichert 1987) .
All recorded echograms are stored in a database and are used as the basis for analysing and interpreting the technological conditions in the pipeline. The echogram obtained during the current scan session is compared with the reference echogram. As part of the process, any anomalous changes in the signal amplitude resulting from already identified characteristic points (design features of the flowline) and from new buildups are detected. New buildups are localized by location between the characteristic points. After that, a trend analysis of the elements of echograms of scanning pressure waves reflected from the characteristic points is performed with the use of the echogram database, and the result of the analysis allows making a conclusion about the buildup growth process.
In the event that the current pressure-and-temperature regime meets the conditions for the existence of hydrates, it is concluded that there is a potential existence of hydrates within the flowline at the site of the new local resistance. Fig. 3а shows an example of an echogram obtained at the initial stage of operation after cleaning the inner surface of the flowline by generating scanning pressure waves by means of flow stoppage.
Results
A 24-metre-long section between the valve and the first flowline turn after the switching valve building was taken as a reference section (see Fig. 1 ). On the echogram, the time interval between the moment the wave is generated (t = 0 ms) and the first burst (t = 110 ms) corresponds to the reference section. Any section between any two adjacent characteristic points that provide a stable response on the echogram with regard to signal amplitude can be taken as a reference section. Echogram bursts are linked to flowline design features in accordance with the flowline passport with the designation of characteristic points with a set of names N 1 …N m . Fig. 3b shows an echogram with accentuated characteristic points N 1 …N 5 .
The sound propagation velocity in gas under specific pressure-and-temperature conditions is determined based on the length of the reference section and the time interval on the echogram. The temperature within characteristic sections is calculated according to the formula (3). Fig. 4а shows an example of an echogram obtained for a flowline with a gas temperature lower than the respective value during the recording of a reference echogram. This has caused a shift in the peak of the characteristic point N 4 compared with the peak location on the reference echogram (marked with vertical lines). Fig. 4b shows an echogram featuring an increase in the amplitude and a shift of the burst of reflected signal corresponding to the characteristic point N 4 in comparison with the reference echogram. The shift is caused by a decrease in the gas temperature within the flowline, and the increase in the amplitude of the reflected signal is caused by the beginning of the formation of a new local resistance in the proximity of this characteristic point. Fig. 4c shows an echogram featuring the emergence of a new burst of reflected signal after a burst corresponding to the characteristic point N 5 , which is a sign of the onset of formation of a new local resistance after this characteristic point. 
Discussion
It is expedient to utilize the proposed method primarily in gas fields with a collector-and-multibore gas-collecting scheme. With this method of production, gas from the wells of one well cluster is transported to the switching valve building through a flowline, and various technological complications can occur during the transportation, including the formation of hydrate and ice plugs.
There are several methods for generating scanning pressure waves; for example, closing the flowline valve inside the switching valve building, stoppage of the gas flow until the pressure in front of the valve in the switching valve building is equalized with the wellhead pressure, followed by opening the valve, using low or high pressure receivers, etc. A particular method is selected depending on the energy of the gas flow, which is characterized by its velocity and pressure within the flowline.
The frequency of measurements can vary depending on several factors:
-the pressure-and-temperature conditions within the flowline, depending on the degree of their closeness to hydrate formation conditions; -dynamics of the amplitude growth of reflected signal at characteristic points; -flow velocity.
Typically, scan frequency amounts to 0.5...1.5 hours, depending on the temperature of the gas within the flowline and the dynamics of the amplitude of reflected signal at characteristic points of the echogram.
The measurements can be performed with the use of any pressure sensor with a high polling frequency, for example, the PX409 family (Anonymous 2018) . The sensor shall be installed in the flowline in the switching valve building in front of the wave generating device.
Conclusions
The main advantage of proposed method for the monitoring of condition of gas flowlines is the ability to predict the formation of ice and hydrates based on current pressure-and-temperature conditions, and the refinement of these conditions is performed during each scanning session. Since the pressure-and-temperature conditions for the formation of ice and hydrates are different, the proposed method is selective and enables accurate prediction of the nature of potential buildups, i.e. it enables the diagnostics of the nature of newly formed local resistance based on direct (pressure-and-temperature conditions), rather than indirect (e.g. dielectric permittivity factor) indicators.
Alongside with that, this method, simultaneously with the diagnostics of the very fact of the emergence of a new local resistance, enables the determination of its location with an accuracy sufficient for technological purposes (maximum error ± 10 m).
Since the place of formation of the plug is determined with the use of scanning pressure waves, monitoring can be performed on long flowlines regardless of the presence of bends, since pressure waves attenuate less than, for example, electromagnetic waves, as they pass through the sections of pipelines with right angle bends. Thus, this method can be used on the flowlines with any type of profile and length, including in the conditions of the Far North and the Arctic.
From the economic point of view, the use of this method is also justified, since its implementation does not require such costly operations as the delivery of special tools to the installation site, capital works related to the installation of equipment on the flowline, etc. The pressure and temperature sensors required for the operation of the system are either already available on the flowline or installed in regular places for the installation of process control instruments.
